Abstract We improved light efficiency and viewing zone depth for high-resolution floating autostereoscopic 3D display based on the iris-plane dividing technology. Newly developed light diffusion film and optical system sent almost all image light to the viewer and realize high light efficiency and uniformity. In addition, stacked liquid crystal optical shutters achieved control of the viewing zone and realized 3D images without crosstalk noise in the real space with wide depth of the viewing zone. Our floating 3D display system allows glassless and provides high-resolution 3D images with no crosstalk between left and right viewing zones. Therefore, this 3D display system is promising for the future high-presence interactive communication systems.
Introduction
Three-dimensional (3D) displays have recently attracted much interest for the next generation of display technology. High-quality 3D displays would have a significant impact on new display applications, including medical imaging and digital signage, as well as on television, cinema, and video games. In addition, if we can realize a floating 3D display which creates highquality 3D images in the real space regardless of the viewing distance, we can achieve a highly-realistic communication system using floating 3D images.
However, traditional 3D displays require the use of special glasses to achieve a 3D effect, and autostereoscopic 3D displays using parallax barrier or lenticular lens also suffer from low resolution, low light efficiency, lower image quality due to the cross-talk between the left and right images 1) 2) , and limited viewing zone. Therefore it has been difficult to realize a high quality floating 3D display based on the traditional 3D display systems and creation of floating autostereoscopic 3D display that has high resolution, high light efficiency, wide depth of the viewing zone, no cross-talk and requires no special glasses is one of the most important challenges in the development of highly realistic display systems.
We have focused our attention on the 3D display based on the iris-plane-dividing technology 3)-11) to achieve a high-resolution floating autostereoscopic 3D display and investigated an improvement in the light efficiency and viewing zone 12) . In this paper, we discuss the design of an optical configuration and a light diffusion film and confirm its validity through the fabrication of a prototype system.
Problems of Autostereoscopic 3D
Display Based on the Iris-plane
Dividing Technology
The iris plane is a plane in an optical system that contains all information about an image and we can control the orientation of a displayed image by controlling the position of the light passing through the iris plane and using an additional lens. Based on this principle, we can realize a floating autostereoscopic 3D display by removing Lens 1 from the previous optical configuration shown in Fig.1 . In this system, both the images of the LC optical shutter and the display images are generated in real space by Lens 2 13)14) (see Fig. 2 ).
However, this floating 3D system has the problems of the low light efficiency and narrow viewing zone depth, Here, the dashed triangle in Fig. 3 
Design of Light Diffusion Film
A light diffusion film is an important component of our optical system. If the light from projector is not diffused, both Iris-area and viewing zone are formed at one point in the space. In this case observer cannot view images with left and right eyes.
In our display system, we used two orthogonal linear polarizations for left and right images, so light diffusion film must be capable of maintaining the polarization to eliminate a crosstalk. In addition, the light diffusion film must also be capable of controlling the distribution of the diffused light to send the all image light to the views and achieve high light efficiency. In addition, diffusion film should have a top-hat light distribution to achieve high luminance uniformity at the viewer's position. To achieve these characteristics, we adopted a light diffusion film that has an internal refractive index layer structure and optimized its diffusion characteristics 15)-17)
.
The light diffusion film was synthesized by the UV polymerization of acrylates. Two acrylate monomers with differing refractive indices were mixed and copolymerized by using directional UV LEDs. We found that the internal layer structure was formed by exploiting the photopolymerization-induced phase separation effect and distribution pattern of the layer structure and diffused light corresponded to the shapes of the light sources used in the UV curing. Based on this principle, we synthesized a light diffusion film that diffuses transmitted light into square or hexagonal patterns by arranging the directional UV LEDs in tetragonally or hexagonally symmetric arrays (see Table 1 ).
The diffusion film consists of alternating layers with differing refractive indices. The layer pitch is 2-5 microns, and the anisotropic light diffusion is based on diffraction by the alternating layer structure (see Fig. 4 ). show that the diffusing intensity is uniform, and has a top-hat distribution in the angular range of ±15degrees.
A screen gain compared to the Lambiertian type screen is expressed as following equation, where θ is a diffusion angle of the light diffusion film.
Diffusion angle of our diffusion film is 15degrees and a screen gain is G = 23. 4 . As a result, we confirmed that our diffusion film realizes a high optical efficiency and high spatial and angular luminance uniformity at viewer positions.
Next, we measured the polarization maintenance of our light diffusion film. We set the light diffusion film between parallel and crossed polarizers and measured the light intensity between these two states. The contrast ratio of polarizer is over 2000:1 and this value is degraded by the depolarization of light diffusion film.
Measured result is 650:1 and this result shows that the crosstalk ratio of our display system is 0.15%. This value is extremely small compared to the traditional autostereoscopic displays. We also measured the resolution of light diffusion film by using the resolution chart. As a result, we confirmed that the resolution of our diffusion film is 25 lp/mm and our floating autostereoscopic 3D display can achieve high resolution 3D images without crosstalk noise. high resolution and high luminance uniformity.
However, we also found that the floating image was distorted by the glass lens.
Depth Control for the Viewing Zone by the

Stacked LC Cells
The liquid crystal shutter dividing the iris plane is It is seen from Fig. 10 that we can control the viewing zone by the position of the LC cell. However, we also found that the intensity of the light passing through the LC cell and viewing area decreases for small visual distances. This problem is caused by the small width of the iris area for the small visual distance due to the triangular shape of iris area and becomes serious when viewers see floating images at short range (see Fig. 11 ).
To solve this problem, the iris area must be rectangular in shape, and the intensity of the light passing through the LC cell should be constant regardless of the position of LC cell. Therefore, we have modified an optical system by using two lenses and Fig. 12 shows the configuration of this system. Lens 1, whose focal length is f 4 , is located at a distance In this situation, the iris area becomes trapezoidal in shape and the degradation of light intensity becomes relatively small toward the position of the liquid crystal cell and light efficiency becomes maximum in case of small visual distance. Fig. 13 shows the change in the light efficiency in our new optical system and we confirmed our display system has high light efficiency over a wide viewing zone depth.
In addition, since the collimated image light passes through glass lens, we can suppress the image shift and image distortion due to the spherical aberration of glass lens. Fig. 14 shows the floating images for left and right eyes in our new optical system. The image distortion was suppressed compared to the previous configuration shown in Fig. 9 . Further improvement will be realized when we use the aspherical lens in our optical system. Therefore, we confirmed that our display system produced high-resolution floating 3D images without crosstalk noise, high luminance uniformity and wide viewing zone depth.
Conclusion
We have developed the high-resolution floating autostereoscopic 3D display system with high light efficiency and wide viewing depth based on the irisplane dividing technology.
We electrically controlled the viewing zone discretely in the direction of the depth by changing the position of activated LC cell according to the visual distance and realized wide viewing depth. We also developed the light diffusion film which maintains the polarization state and has a top-hat light diffusing distribution, and realized high light efficiency and high luminance uniformity.
We confirmed that that our floating 3D display successfully produced floating stereoscopic images in the real space with high resolution, high light efficiency and no cross-talk noise in wide viewing depth. Therefore, we can observe highly realistic images regardless of the viewing distance, so this 3D display is promising for the future high-presence interactive communication systems. Realization of the distance control of the floating image according to the image contents will be a future subject for this system. 
